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ABSTRACT
We present element abundance ratios and ionizing radiation of local young low-mass (∼ 106M⊙)
extremely metal poor galaxies (EMPGs) with a 2% solar oxygen abundance (O/H)⊙ and a high
specific star-formation rate (sSFR∼300Gyr−1), and other (extremely) metal poor galaxies, which are
compiled from Extremely Metal-Poor Representatives Explored by the Subaru Survey (EMPRESS)
and the literature. Weak emission lines such as [Fe iii]4658 and He ii4686 are detected in very deep
optical spectra of the EMPGs taken with 8m-class telescopes including Keck and Subaru (Kojima et al.
2019; Izotov et al. 2018), enabling us to derive element abundance ratios with photoionization models.
We find that neon- and argon-to-oxygen ratios are comparable to those of known local dwarf galaxies,
and that the nitrogen-to-oxygen abundance ratios (N/O) are lower than 20% (N/O)⊙ consistent with
the low oxygen abundance. However, the iron-to-oxygen abundance ratios (Fe/O) of the EMPGs are
generally high; the EMPGs with the 2%-solar oxygen abundance show high Fe/O ratios of ∼ 90−140%
(Fe/O)⊙, which are unlikely explained by suggested scenarios of Type Ia supernova iron productions,
iron’s dust depletion, and metal-poor gas inflow onto previously metal-riched galaxies with solar
abundances. Moreover, these EMPGs have very high He ii4686/Hβ ratios of ∼1/40, which are not
reproduced by existing models of high-mass X-ray binaries whose progenitor stellar masses are less
than 120M⊙. Comparing stellar-nucleosynthesis and photoionization models with a comprehensive
sample of EMPGs identified by this and previous EMPG studies, we propose that both the high
Fe/O ratios and the high He ii4686/Hβ ratios are explained by the past existence of super massive
(> 300M⊙) stars, which may evolve into intermediate-mass black holes (& 100M⊙).
Subject headings: galaxies: dwarf — galaxies: evolution — galaxies: formation — galaxies: abundance
— galaxies: ISM
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1. INTRODUCTION
The early universe is dominated by a large number of
young, low-mass, metal-poor galaxies. Theoretical ar-
guments suggest that the first galaxies are formed at
z ∼ 10–20 from gas already metal-enriched by Pop-III
(i.e., metal free) stars. According to hydrodynamical
simulations (e.g., Wise et al. 2012), the first galaxies are
created in dark matter (DM) mini halos with ∼ 108M⊙
and have low stellar masses (log(M⋆/M⊙)∼4–6), low
metallicities (Z ∼ 0.1–1%Z⊙), and high specific star-
formation rates (sSFR ∼ 100 Gyr−1) at z ∼ 10. The
typical stellar mass is remarkably small, comparable to
those of star clusters. Such cluster-like galaxies are un-
dergoing an early stage of the galaxy formation. One of
critical goals of the modern cosmology is to understand
the early-stage galaxy formation by probing the cluster-
like, star-forming galaxies (SFGs).
The stellar population and the star-formation history
are critical information to understand galaxies undergo-
ing the early-phase star formation. Element abundances
such as iron (Fe) and nitrogen (N) are good tracers of
the past star formation and the stellar population be-
cause these elements are produced and ejected by the
different stellar populations at different ages. First, iron
elements are effectively produced and released into ISM
by type-Ia supernovae (SNe) ∼1 Gyr after the start of
the star formation. The type-Ia SNe are triggered by gas
accretion from a main sequence star onto a white dwarf,
whose progenitor weighs ∼1–10 M⊙ (e.g., Nomoto et al.
2013), in a binary system. The type-Ia SNe start con-
tributing to the increase of iron-to-oxygen ratio (Fe/O)
at the age of ∼1 Gyr (e.g., Steidel et al. 2016). As re-
ported in studies of Galactic stars (Bensby & Feltzing
2006; Lecureur et al. 2007; Bensby et al. 2013), the in-
creasing Fe/O trend is seen in a metallicity range of
Z∗/Z⊙ & 0.2 (corresponding to 12+log(O/H)&8.0). Be-
low 12+log(O/H)∼8.0 (or .1 Gyr), the core-collapse
SNe mainly contribute to the production and release of
iron and oxygen. Under the assumption of this mecha-
nism, low-mass, metal-poor, young SFGs are expected to
have a low Fe/O ratio due to their young ages. Second,
nitrogen elements trace activities of massive stars and
low- and intermediate-mass stars at low and high metal-
licities, respectively. As suggested by previous stud-
ies (Pe´rez-Montero & Contini 2009; Pe´rez-Montero et al.
2013; Andrews & Martini 2013), nitrogen-to-oxygen ra-
tios (N/O) of SFGs present a plateau in the range of
12+log(O/H).8.0 and a positive slope at higher metal-
licities as a function of metallicity. Model calculations
of the N/O evolution (e.g., Vincenzo et al. 2016) also
support this trend. The plateau basically results from
the primary nucleosynthesis of massive stars, while the
positive slope is mainly attributed to the secondary nu-
cleosynthesis of low- and intermediate-mass stars (e.g.,
Vincenzo et al. 2016). In the nitrogen-enrichment mech-
anism, low-mass, metal-poor, young SFGs may have a
low N/O ratio because of their low metallicities and
young ages.
Ionizing radiation is another key to understand the
stellar population of galaxies in the early-phase star
formation. Ionizing radiation is produced by massive
stars and/or a hot accretion disk around compact ob-
jects such as black holes (BHs). Observational studies
(Lo´pez-Sa´nchez & Esteban 2010; Shirazi & Brinchmann
2012; Senchyna et al. 2017; Schaerer et al. 2019) have
suggested that SFGs show strong He ii4686 emission lines
represented by He ii4686/Hβ∼1/300–1/30. Especially,
the He ii4686/Hβ shows an increasing trend as metal-
licity decreases in the range of 12+log(O/H)<8.0. The
He ii4686 line is sensitive to ionizing photons above 54.4
eV, which are not abundant in radiation of O- and B-
type hot stars. Under the assumption of stellar radi-
ation, Xiao et al. (2018) have created nebular emission
models with the combination of the photoionization code
cloudy (Ferland et al. 2013) and the bpass (Binary
Population and Spectral Synthesis) code (Stanway et al.
2016; Eldridge et al. 2017). The Xiao et al. (2018)
models predict He ii4686/Hβ.1/1000, well below the
observed He ii4686/Hβ ratios of ∼1/300 to ∼1/30
(Schaerer et al. 2019). This means that the main con-
tributors of He ii4686 are not hot stars. Schaerer et al.
(2019) have estimated He ii4686/Hβ ratios with high
mass X-ray binary (HMXB) models of Fragos et al.
(2013a,b), and suggested that high He ii4686/Hβ ratios
can be partly explained by the HMXB models. How-
ever, the HMXB models still do not explain the high
He ii4686/Hβ ratios for galaxies with a high Hβ equiva-
lent width, EW0(Hβ)>100 A˚ (i.e., younger than 5 Myr).
Schaerer et al. (2019) suggest another possible contribu-
tion from old stellar population and/or shock-heated gas.
The main contributor of the He ii4686 emission is still
under debate.
In the local universe, extremely metal-poor galaxies
(EMPGs) have been discovered (e.g., Izotov & Thuan
1998; Thuan et al. 2005; Izotov et al. 2009, 2018, 2019;
Ly et al. 2014) by exploiting wide-field data such as
Sloan Digital Sky Survey (SDSS, York et al. 2000).
These galaxies have low metallicities, 12+log(O/H)∼7.0–
7.2, low stellar masses, log(M⋆/M⊙)∼6–8, and high
sSFR, ∼ 100 Gyr−1. Such local EMPGs are regarded
as local analogs of high-z galaxies because they have
low metallicities, low stellar masses, and large emis-
sion line equivalent widths similar to low-mass galaxies
with log(M⋆/M⊙)∼6–8 at z ∼ 2–3 (Christensen et al.
2012a,b; Stark et al. 2014; Vanzella et al. 2017) and
z ∼ 6–7 (Stark et al. 2015; Mainali et al. 2017). How-
ever, the stellar mass ranges of the previous stud-
ies, log(M⋆/M⊙)∼6–8, are not as low as cluster-like
galaxies in the early-stage of the galaxy formation,
log(M⋆/M⊙)∼4–6, as described above. To reach a lower
mass range than the previous EMPG studies (e.g., SDSS,
i-band limiting magnitude ∼21 mag), deeper, wide-field
imaging survey has been expected.
We have initiated a new EMPG survey with
wide-field optical imaging data obtained in Sub-
aru/Hyper Suprime-Cam (HSC; Miyazaki et al. 2012,
2018; Komiyama et al. 2018; Kawanomoto et al. 2018;
Furusawa et al. 2018) Subaru Strategic Program (HSC-
SSP; Aihara et al. 2018) in Kojima et al. (2019, Paper
I hereafter). The new EMPG survey has been named
“Extremely Metal-Poor Representatives Explored by the
Subaru Survey” (EMPRESS). We have created a source
sample based on the deep, wide-field HSC-SSP data,
which covers ∼ 500 deg2 area with a 5σ limit of ∼ 26
mag in Paper I.
This paper is the second paper from our EMPRESS
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project. The detailed sample selection and results of
the first spectroscopic observations have been reported
in Paper I. These paper will be followed by other papers
in which we investigate details of size and morphology,
and kinematics of our EMPG sample (e.g., Isobe et al.
2020, Paper III hereafter). The outline of this pa-
per is as follows. In Section 2, we briefly explain our
samples selected from the Subaru HSC-SSP data and
the SDSS data. In Section 3, we describe our optical
spectroscopy carried out for our EMPG candidates and
explain the reduction and calibration processes of our
spectroscopy data. In Section 4, we measure emission
line fluxes and estimate galaxy properties such as stel-
lar mass, star-formation rate, metallicity, and element
abundance. Section 5 shows results and discussions of
element abundance ratios and ionizing radiation. Then
Section 6 summarizes this paper. Throughout this pa-
per, magnitudes are on the AB system (Oke & Gunn
1983). We adopt the following cosmological parame-
ters, (h,Ωm,ΩΛ) = (0.7, 0.3, 0.7). The definition of
the solar metallicity is given by 12+log(O/H)=8.69
(Asplund et al. 2009). We also define an EMPG as
a galaxy with 12+log(O/H)<7.69 (i.e., Z/Z⊙<0.1) in
this paper, which is almost the same as in previous
metal-poor galaxy studies (e.g., Kunth & O¨stlin 2000;
Izotov et al. 2012; Guseva et al. 2017).
2. SAMPLE
This paper uses samples obtained by Paper I. In Pa-
per I, we select the EMPG candidates from HSC-SSP
and SDSS data with our machine learning (ML) classi-
fier. We briefly describe selections of EMPG candidates
in this section. Hereafter, these candidates chosen from
the HSC-SSP and SDSS source catalogs are called “HSC-
EMPG candidates” and “SDSS-EMPG candidates”, re-
spectively.
2.1. HSC-EMPG candidates
We use the HSC-SSP internal data of the S17A and
S18A data releases, which are explained in the second
data release (DR2) paper of HSC-SSP (Aihara et al.
2019). Although the HSC-SSP survey data are taken
in three layers of Wide, Deep, and UltraDeep, we only
use the Wide field layer in this study. In the HSC-SSP
S17A and S18A data releases, images were reduced with
the HSC pipeline, hscPipe v5.4 and v6.7 (Bosch et al.
2018), respectively, with codes of the Large Synoptic
Survey Telescope (LSST) software pipeline (Ivezic´ et al.
2019a; Axelrod et al. 2010; Juric´ et al. 2015; Ivezic´ et al.
2019b). The pipeline conducts the bias subtraction, flat
fielding, image stacking, astrometry and zero-point mag-
nitude calibration, source detection, and magnitude mea-
surement. As reported in Paper I, there are slight differ-
ences in our results between S17A and S18A data due to
the different pipeline versions. Thus, although part of the
S17A and S18A data are duplicated, we use both S17A
and S18A data in this study to maximize the size of our
EMPG sample. The details of the observations, data re-
duction, detection, photometric catalog, and pipeline are
described in Aihara et al. (2019) and Bosch et al. (2018).
We use cmodel magnitudes (Bosch et al. 2018) corrected
for Milky-Way dust extinction (Schlegel et al. 1998) in
the estimation of the total magnitudes of a source.
Below we explain how we construct an HSC source
catalog, from which we select EMPG candidates. We
use isolated or cleanly deblended sources that fall within
griz-band images. We also require that none of the
pixels in their footprints are interpolated, none of the
central 3 × 3 pixels are saturated, none of the cen-
tral 3 × 3 pixels suffer from cosmic rays, and there
are no bad pixels in their footprints. Then we exclude
sources whose cmodel magnitude or centroid position
measurements have a problem. We require a detection
in the griz-band images. We mask sources close to a
bright star (Coupon et al. 2018; Aihara et al. 2019) in
the S18A data. Here we select objects whose photometric
measurements are brighter than 5σ limiting magnitudes,
g < 26.5, r < 26.0, i < 25.8, and z < 25.2 mag, which are
estimated by Ono et al. (2018) with 1.5-arcsec diameter
circular apertures. We also require that the photometric
measurement errors are less than 0.1 mag in griz bands.
Finally, we obtain 17,912,612 and 40,407,765 sources in
total from the HSC-SSP S17A and S18A data, respec-
tively, with the selection criteria explained above. The
effective area is 205.82 and 508.84 deg2 in the HSC-SSP
S17A and S18A data, respectively. See Paper I for details
of our HSC source sample.
We select EMPG candidates from the HSC-SSP source
catalog in four steps: i) An initial rough selection based
on colors, extendedness, and blending. ii) the ML clas-
sifier selection. iii) Transient object removal by mea-
suring the flux variance in multi-epoch images. iv) Vi-
sual inspection of the gri-composite images. Refer to
Paper I for the selection details. Eventually, we obtain
12 and 21 HSC-EMPG candidates from the S17A and
S18A catalogs, respectively. We find that 6 out of the
HSC-EMPG candidates are duplicated between the S17A
and S18A catalogs. Thus the number of our independent
HSC-EMPG candidates is 27 (=12+21−6). A magnitude
range of the 27 HSC-EMPG candidates is i = 19.3–24.3
mag.
2.2. SDSS-EMPG candidates
We construct a SDSS source catalog from the 13th
release (DR13; Albareti et al. 2017) of the SDSS pho-
tometry data. Although the SDSS data are ∼5 mag
shallower (ilim∼21 mag) than HSC-SSP data (ilim∼26
mag), we also select EMPG candidates from the SDSS
data to complement brighter EMPGs. Here we select
objects whose photometric measurements are brighter
than SDSS limiting magnitudes, u < 22.0, g < 22.2,
r < 22.2, i < 21.3, and z < 21.3 mag23. We only ob-
tain objects whose magnitude measurement errors are
<0.1 mag in ugriz bands. Note that we use Modelmag
for the SDSS data. Among flags in the PhotoObjALL
catalog, we require that a clean flag is “1” (i.e., True)
to remove objects with photometry measurement issues.
The clean flag24 eliminates the duplication, deblend-
ing/interpolation problems, suspicious detections, and
detections at the edge of an image. We also remove ob-
jects with a True cosmic-ray flag and/or a True blended
flag, which often mimics a broad-band excess in photom-
23 Magnitudes reaching 95% completeness, which are listed in
https://www.sdss.org/dr13/scope/
24 Details are described in
http://www.sdss.org/dr13/algorithms/photo flags recommend/
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etry. We reject relatively large objects with a ninety-
percent petrosian radius greater than 10 arcsec to elimi-
nate contamination by HII regions in nearby spiral galax-
ies. Finally, we derive 31,658,307 sources in total from
the SDSS DR13 photometry data. The total unique area
of SDSS DR13 data is 14,555 deg2.
We select EMPG candidates from the SDSS source cat-
alog similarly to the HSC source catalog in Section 2.1.
After the selection, we derive 86 SDSS-EMPG candidates
from the SDSS source catalog, whose i-band magnitudes
range i = 14.8–20.9 mag. One out of the 86 candidates
(HSC J1429−0110) is also selected as an HSC-EMPG
candidate in Section 2.1. Details are described in Paper
I.
3. SPECTROSCOPIC DATA
In this section, we explain our spectroscopic data of
10 galaxies described in Paper I, which are selected from
our HSC and SDSS source catalogs and confirmed to
be metal-poor galaxies. We have identified that the
2 out of the 10 metal-poor galaxies (HSC J1631+4426
and SDSS J2115−1734) satisfy the EMPG condition of
Z < 0.10Z⊙ with metallicity estimates based on the elec-
tron temperature measurement. HSC J1631+4426 shows
a metallicity of 0.016 Z⊙, which is the lowest metallic-
ity reported to date. In addition to the 10 metal-poor
galaxies, we include another EMPG from the literature
(J0811+4730, Izotov et al. 2018) in the sample of this
paper. J0811+4730 has the second lowest metallicity of
0.019 Z⊙ reported to date.
In paper I, we report on our spectroscopy of the 10
metal-poor galaxies performed with 4 spectrographs of
the Low Dispersion Survey Spectrograph 3 (LDSS-3) and
the Magellan Echellette Spectrograph (MagE) on Mag-
ellan telescope, the Deep Imaging Multi-Object Spectro-
graph (DEIMOS) on Keck-II telescope, and the Faint
Object Camera And Spectrograph (FOCAS) on Sub-
aru telescope. Although the spectroscopy and reduction
are detailed in Paper I, we briefly summarize them in
Sections 3.1–3.4. In Section 3.5, we newly report very
faint emission lines detected in our spectroscopy, such as
[O iii]4363, [Ar iv]4711, [Fe iii]4658, He ii4686, [N ii]6584,
and [Ar iii]7136, which are required to estimate element
abundance ratios and constrain the FUV spectral hard-
ness (Section 1).
3.1. Magellan/LDSS-3
We conducted spectroscopy for one galaxy selected
from our HSC catalog (HSC J1429−0110) with LDSS-
3 at Magellan telescope. We used the VPH-ALL grism
with the 0.′′75×4′ long-slit, which was placed at the offset
position two-arcmin away from the center of the long-slit
mask so that the spectroscopy could cover the bluer side.
The exposure time was 3,600 seconds. The spectroscopy
covered λ ∼3,700–9,500 A˚ with a spectral resolution of
R ≡ λ/∆λ ∼ 860.
We used the iraf package to reduce and calibrate
the LDSS-3 data. The reduction and calibration
processes include the bias subtraction, flat fielding,
one-dimensional (1D) spectrum subtraction, sky sub-
traction, wavelength calibration, flux calibration, and
atmospheric-absorption correction. A one-dimensional
spectrum was derived from an aperture centered on
the blue compact component of our galaxies. A stan-
dard star, CD-32 9972 was used in the flux calibration.
The wavelengths were calibrated with the HeNeAr lamp.
Atmospheric absorption was corrected with the extinc-
tion curve at Cerro Tololo Inter-American Observatory
(CTIO). Our LDSS-3 spectroscopy may have been af-
fected by the atmospheric refraction because a slit was
not necessarily placed perpendicular to the horizon (i.e.,
at a parallactic angle) in our spectroscopy, which may
lead to the wavelength-dependent slit loss. The slit an-
gles of each target are determined so that we can simulta-
neously observe multiple emission regions. To estimate
the wavelength-dependent slit loss SL(λ) carefully, we
made a model of the atmospheric refraction.
3.2. Magellan/MagE
We carried out spectroscopy for 8 galaxies se-
lected from our HSC and SDSS catalogs (HSC
J2314+0154, HSC J1142−0038, SDSS J0002+1715,
SDSS J1642+2233, SDSS J2115−1734, SDSS
J2253+1116, SDSS J2310−0211, and SDSS J2253+1116)
with MagE of Magellan telescope. We used the echellette
grating with the 0.′′85×10′′ or 1.′′2×10′′ longslits. The
exposure time was 1,800 or 3,600 seconds, depending
on luminosities of the galaxies. The MagE spectroscopy
covered λ ∼3,100–10,000 A˚ with a spectral resolution of
R ≡ λ/∆λ ∼ 4,000.
To reduce the raw data taken with MagE, we used
the MagE pipeline from Carnegie Observatories Soft-
ware Repository25. The MagE pipeline has been devel-
oped on the basis of the Carpy package (Kelson et al.
2000; Kelson 2003). The bias subtraction, flat field-
ing, scattered light subtraction, two-dimensional (2D)
spectrum subtraction, sky subtraction, wavelength cal-
ibration, cosmic-ray removal, 1D-spectrum subtraction
were conducted with the MagE pipeline. Details of
these pipeline processes are described on the web site of
Carnegie Observatories Software Repository mentioned
above. One-dimensional spectra were subtracted by sum-
ming pixels along the slit-length direction on a 2D spec-
trum.
We conducted the flux calibration with the standard
star, Feige 110, using iraf routines. Wavelengths were
calibrated with emission lines of the ThAr lamp. Spectra
of each order were calibrated separately and combined
with the weight of electron counts to generate a single 1D
spectrum. Atmospheric absorption was corrected in the
same way as in Section 3.1. Our MagE spectroscopy may
have been also affected by the atmospheric refraction for
the same reason as the LDSS-3 spectroscopy. Thus, we
corrected the wavelength-dependent slit loss carefully in
the same manner as the LDSS-3 spectroscopy described
in Section 3.1.
3.3. Keck/DEIMOS
We conducted spectroscopy for one galaxy selected
from our HSC catalog (HSC J1631+4426) with DEIMOS
of the Keck-II telescope. We used the multi-object mode
with the 0.′′8 slit width. The exposure time was 2,400
seconds. We used the 600ZD grating and the BAL12 fil-
ter with a blaze wavelength at 5,500 A˚. The DEIMOS
25 https://code.obs.carnegiescience.edu
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Fig. 1.— Spectra of SDSS J2115−1734 (left) and HSC J1631+4426 (right) taken in our MagE and FOCAS spectroscopy, respectively,
around the [Fe iii]4658 and He ii4686 emission lines. The top, center, and bottom panels show 2D spectra, signal spectra, and noise+sky
spectra, respectively. In the center panel, the light blue line is the un-smoothed background subtracted spectrum, while the dark blue
line is spectra smoothed with a Gaussian profile. The shaded regions indicate positions of the sky emission lines. In the bottom panel,
we exhibit a noise spectrum with the red lines. The orange line show a sky emission spectrum (in arbitrary units) modeled with the sky
emission data of Hanuschik (2003). For SDSS J2115−1734, no sky emission line falls on the wavelength range of this panel.
spectroscopy covered λ ∼3,800–8,000 A˚ with a spectral
resolution of R ≡ λ/∆λ ∼1,500.
We used the iraf package to reduce and calibrate the
DEIMOS data. The reduction and calibration processes
were the same as the LDSS-3 data explained in Section
3.1. A standard star, G191B2B was used in the flux cal-
ibration. Wavelengths were calibrated with the NeAr-
KrXe lamp. Atmospheric absorption was corrected un-
der the assumption of the extinction curve at Mauna
Kea Observatories. We only used a spectrum within the
wavelength range of λ >4,900 A˚, which was free from
the stray light (see Paper I for its detail). We ignore the
effect of the atmospheric refraction here because we only
use a red side (λ >4,900 A˚) of DEIMOS data, which is
insensitive to the atmospheric refraction. We also con-
firm that the effect of the atmospheric refraction is neg-
ligible with the models described in Section 3.1. In the
DEIMOS data, we only used line flux ratios normalized
to an Hβ flux. Emission line fluxes were scaled with an
Hβ flux by matching an Hβ flux obtained with DEIMOS
to one obtained with FOCAS (see Section 3.4).
3.4. Subaru/FOCAS
We carried out deep spectroscopy for one galaxy se-
lected from our HSC catalog (HSC J1631+4426) with
FOCAS installed on the Subaru telescope (PI: T. Ko-
jima). This object was the same object as in the
Keck/DEIMOS Spectroscopy (Section 3.3) and observed
again with FOCAS with a longer integration time of
10,800 sec. We used the long slit mode with the 2.′′0
slit width. The exposure time was 10,800 seconds (=3
hours). We used the 300R grism and the L550 filter with
a blaze wavelength at 7,500 A˚ in a 2nd order. The FO-
CAS spectroscopy covered λ ∼3,400–5,250 A˚ with a spec-
tral resolution of R≡λ/∆λ=400 with the 2.′′0 slit width.
We used the iraf package to reduce and calibrate the
FOCAS data. The reduction and calibration processes
were the same as the LDSS-3 data explained in Section
3.1. A standard star, BD+28 4211 was used in the flux
calibration. Wavelengths were calibrated with the ThAr
lamp. Atmospheric absorption was corrected in the same
way as in Section 3.3. Our FOCAS spectroscopy cov-
ered λ ∼3,800–5,250 A˚, which was complementary to the
DEIMOS spectroscopy described in Section 3.3, whose
spectrum was reliable only in the range of λ >4900 A˚.
We ignore the atmospheric refraction here because FO-
CAS is equipped with the atmospheric dispersion cor-
rector. Because an Hβ line was over-wrapped in FOCAS
and DEIMOS spectroscopy, we used an Hβ line flux to
scale the emission line fluxes obtained in the DEIMOS
observation (see Section 3.3).
3.5. Weak Emission Lines in the Spectra
In our spectroscopy, we have detected many emis-
sion lines including very faint emission lines such as
[O iii]4363, [Ar iv]4711, [Fe iii]4658, He ii4686, [N ii]6584,
and [Ar iii]7136. These faint emission lines are required
to estimate element abundance ratios and constrain the
FUV spectral hardness. Especially, the [Fe iii]4658 and
He ii4686 lines are key in this paper, which enable us to
investigate the Fe/O abundance ratios and the very hard
EUV radiation, as described in Section 1.
6 Kojima et al.
In Figure 1, we show two spectra of SDSS J2115−1734
and HSC J1631+4426 (classified as EMPGs in Paper
I) around the [Fe iii]4658 and He ii4686 emission lines.
In the left panel of Figure 1, the spectrum of SDSS
J2115−1734 clearly exhibits the significant detection of
the [Fe iii]4658 and He ii4686 emission lines. As shown
in the right panel, the HSC J1631+4426 spectrum shows
the significant detection of He ii4686 (S/N=6.1) as well
as the tentative detection of [Fe iii]4658 (S/N=2.4). The
flux measurements will be described in Section 4.1.
As described above, we also include the EMPG,
J0811+4730 of 0.019 Z⊙ in the sample of this paper.
In Figure 2, we show a spectrum of J0811+4730 derived
from Izotov et al. (2018), showing the detection of the
two key emission lines of [Fe iii]4658 and He ii4686 in
this paper.
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Fig. 2.— Spectrum of J0811+4730 (Izotov et al. 2018) around
the [Fe iii]4658 and He ii4686 emission lines. This spectrum was
taken with Multi-Object Double Spectrographs (MODS) installed
on Large Binocular Telescope (LBT). This spectrum is adapted
from Izotov et al. (2018) with permission.
4. ANALYSIS
In this section, we explain the emission line measure-
ment (Section 4.1) and the estimation of galaxy proper-
ties (Section 4.2) for our 10 metal-poor galaxies. Here we
estimate stellar masses, star-formation rates, emission-
line equivalent widths, sizes, and metallicities of our 10
metal-poor galaxies.
4.1. Emission Line Measurements
We measure central wavelengths and emission-line
fluxes with a best-fit gaussian profile using the iraf rou-
tine, splot. We also estimate flux errors, which origi-
nate from read-out noise and photon noise of sky+object
emission. As described in Section 3.2, we correct fluxes
of the LDSS-3/MagE spectra assuming the wavelength-
dependent slit-loss with the model of the atmospheric re-
fraction. We measure observed-frame equivalent widths
(EWs) of emission lines with the same iraf routine,
splot and convert them into the rest-frame equivalent
widths (EW0). Redshifts are estimated by comparing the
observed central wavelengths and the rest-frame wave-
lengths in the air of strong emission lines.
Color excesses, E(B−V ) are estimated with the
Balmer decrement of Hα, Hβ, Hγ, Hδ,..., and H13 lines
under the assumptions of the dust extinction curve given
by Cardelli et al. (1989) and the case B recombination.
We do not use Balmer emission lines affected by a sys-
tematic error such as cosmic rays and other emission
lines blending with the Balmer line. In the case B
recombination, we carefully assume electron tempera-
tures (Te) so that the assumed electron temperatures
become consistent with electron temperature measure-
ments of O2+, Te(O iii), which will be obtained in Sec-
tion 4.2. We estimate the best E(B−V ) values and
their errors with the χ2 method (Press et al. 2007). The
E(B−V ) estimation process is detailed in Paper I. We
eventually assume Te=10,000 K (SDSS J0002+1715 and
SDSS J1642+2233), 15,000 K (HSC J1429−0110, HSC
J2314+0154, SDSS J2253+1116, SDSS J2310−0211, and
SDSS J2327−0200), 20,000 K (HSC J1142−0038 and
SDSS J2115−1734), 25,000 K (HSC J1631+4426), which
are roughly consistent with Te(O iii) measurements. We
summarize the dust-corrected fluxes in Table 1.
4.2. Galaxy Properties
In this section, we estimate gas-phase metallicities
(O/H), and gas-phase element abundance ratios of our
10 galaxies. Note that metallicities are already estimated
in Paper I, as well as stellar masses, SFRs, and color ex-
cesses.
We estimate electron temperatures of O2+ (Te(Oiii))
and O+ (Te(Oii)), using line ratios of [O iii]4363/5007
and [O ii](3727+3729)/(7320+7330), respectively. We
use nebular physics calculation codes of PyNeb
(Luridiana et al. 2015, v1.0.14) to estimate electron tem-
peratures. If an [O ii]5007 line is saturated, we estimate
an [O ii]5007 flux with
[O iii]5007 = 2.98× [O iii]4959, (1)
which is strictly determined by the Einstein A coefficient.
If either of [O ii]7320 or [O ii]7330 line is detected, we
estimate a total flux of [O ii](7320+7330) with a relation
of
[O ii]7330 = 0.56× [O ii]7320. (2)
We have confirmed that Equation (2) holds with very
little dependence on Te and ne, using PyNeb. If none of
[O ii]7320,7330 line is detected, we estimate Te(Oii) from
an empirical relation of
Te(O ii) = 0.7× Te(O iii) + 3000, (3)
which has been confirmed by Campbell et al. (1986) and
Garnett (1992). We also assume
Te(S iii) = 0.83× Te(O iii) + 1700, (4)
to estimate electron temperatures associated with S2+
ions (Garnett 1992). We regard Te(Oiii), Te(Siii), and
Te(Oii) as representative electron temperatures associ-
ated with ions in high, intermediate, and low ionization
states, respectively.
We estimate gas-phase metallicities, 12+log(O/H),
based on electron temperature measurements, which are
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TABLE 1
Flux measurements
# ID [O ii]3727 [O ii]3729 [O ii]tot H13 H12 H11 H10 H9
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 HSC J1429−0110 — — 160.33±1.91 <1.27 <0.93 <0.89 <0.79 5.26±0.66
2 HSC J2314+0154 <14.09 <13.38 <19.43 <11.93 <10.42 <11.48 <8.06 <6.77
3 HSC J1142−0038 68.06±0.81 91.82±0.84 159.88±1.16 3.26±0.68 3.63±0.67 6.65±0.79 4.39±0.66 6.13±0.63
4 HSC J1631+4426 — — 41.91±2.22 <1.49 <1.34 <1.18 <1.14 3.96±0.99
5 SDSS J0002+1715 74.28±0.50 103.08±0.51 177.36±0.71 <0.33 <0.49 <0.36 5.99±0.30 8.42±0.25
6 SDSS J1642+2233 101.37±0.71 146.56±0.74 247.93±1.03 <0.48 <0.46 <0.74 <0.41 6.62±0.33
7 SDSS J2115−1734 31.36±0.25 43.15±0.28 74.51±0.38 2.58±0.19 3.16±0.30 3.91±0.19 4.07±0.18 5.44±0.17
8 SDSS J2253+1116 39.44±0.11 55.06±0.12 94.50±0.16 2.36±0.06 3.40±0.05 4.08±0.05 5.59±0.05 7.59±0.05
9 SDSS J2310−0211 43.37±0.10 58.68±0.12 102.05±0.16 2.36±0.06 2.73±0.06 3.75±0.06 5.68±0.06 7.44±0.06
10 SDSS J2327−0200 45.07±0.11 59.96±0.12 105.03±0.16 2.48±0.06 3.36±0.06 3.99±0.08 5.29±0.06 7.19±0.06
# [Ne iii]3869 [Ne iii]3967 H7 Hδ Hγ [O iii]4363 [Fe iii]4658 HeII4686 [Ar iv]4711
(1) (11) (12) (13) (14) (15) (16) (17) (18) (19)
1 61.78±0.68 — 31.46±0.46 a 21.05±0.32 44.71±0.27 8.90±0.22 0.93±0.17 1.36±0.17 2.00±0.16
2 <5.83 <3.87 <3.83 25.99±3.09 46.36±1.66 <1.60 <1.14 <1.04 <0.94
3 29.33±0.63 7.74±0.54 17.16±0.54 27.36±0.51 48.20±0.43 5.96±0.39 <0.29 <0.30 <0.41
4 18.48±0.95 — 17.28±0.75 a 24.24±0.57 42.98±0.45 7.53±0.44 0.89±0.37 2.26±0.37 <0.34
5 46.64±0.30 15.00±0.21 16.27±0.19 26.04±0.17 46.92±0.14 6.38±0.09 0.66±0.05 0.86±0.05 0.79±0.06
6 43.87±0.36 12.00±0.25 15.03±0.24 26.08±0.19 44.48±0.16 6.54±0.10 0.64±0.06 1.20±0.06 0.44±0.11
7 40.46±0.22 13.05±0.16 14.52±0.15 24.63±0.15 45.15±0.15 13.42±0.11 0.86±0.06 2.63±0.11 1.87±0.08
8 64.12±0.11 18.82±0.06 16.12±0.06 25.67±0.05 46.52±0.06 14.13±0.04 0.36±0.01 0.30±0.02 2.12±0.02
9 53.18±0.10 15.76±0.06 16.28±0.06 26.52±0.06 48.39±0.07 14.80±0.04 0.45±0.02 0.48±0.02 1.70±0.02
10 50.72±0.11 15.14±0.07 17.45±0.07 25.93±0.07 47.39±0.08 12.81±0.05 0.63±0.03 0.78±0.03 1.51±0.03
Note. — (1): Number. (2): ID. (3)–(36): Dust-corrected emission-line fluxes normalized to an Hβ line flux in the unit of erg s−1 cm−2. Upper
limits are given with a 1σ level. Lines suffering from saturation or affected by sky emission lines are shown as no data here. [O ii]tot represents a
sum of [O ii]3727 and [O ii]3729 fluxes. If the spectral resolution is not high enough to resolve [O ii]3727 and [O ii]3729 lines, we only show [O ii]tot
fluxes.
a A sum of [Ne iii]3867 and H7 fluxes because they are blended due to the low spectral resolution.
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TABLE 1
Flux measurements — Continued
# ID [Ar iv]4740 Hβ [O iii]4959 [O iii]5007 HeI5876 [O i]6300 [S iii]6312 [N ii]6548
(1) (2) (20) (21) (22) (23) (24) (25) (26) (27)
1 HSC J1429−0110 0.95±0.16 100.00±0.24 211.26±0.29 629.72±0.46 9.51±0.09 3.04±0.08 1.10±0.08 <0.20
2 HSC J2314+0154 <1.01 100.00±1.00 69.62±0.72 207.69±0.88 12.92±0.41 11.96±0.49 <0.44 <0.32
3 HSC J1142−0038 <0.36 100.00±0.52 102.76±0.47 308.14±0.65 11.11±0.31 5.29±0.31 <0.30 1.99±0.24
4 HSC J1631+4426 <0.35 100.00±0.37 56.56±0.34 174.53±0.39 10.21±0.67 — <0.63 <0.59
5 SDSS J0002+1715 0.88±0.06 100.00±0.16 196.65±0.19 593.18±0.32 11.09±0.05 2.34±0.04 1.63±0.03 1.92±0.03
6 SDSS J1642+2233 0.78±0.07 100.00±0.17 183.53±0.21 572.88±0.34 10.87±0.06 2.63±0.04 1.91±0.04 1.71±0.04
7 SDSS J2115−1734 1.73±0.07 100.00±0.19 166.56±0.22 — 11.38±0.07 1.82±0.05 1.83±0.05 1.28±0.04
8 SDSS J2253+1116 1.69±0.02 100.00±0.07 250.60±0.11 — 11.17±0.02 — — 1.16±0.01
9 SDSS J2310−0211 1.39±0.02 100.00±0.09 214.45±0.12 — 10.46±0.03 2.41±0.02 1.24±0.02 1.07±0.02
10 SDSS J2327−0200 1.12±0.03 100.00±0.11 200.95±0.14 — 11.28±0.04 2.79±0.03 1.52±0.02 1.31±0.02
# Hα [N ii]6584 HeI6678 [S ii]6716 [S ii]6731 HeI7065 [Ar iii]7136 [O ii]7320 [O ii]7330
(1) (28) (29) (30) (31) (32) (33) (34) (35) (36)
1 255.60±0.20 5.27±0.18 3.07±0.07 8.17±0.08 6.31±0.09 2.85±0.08 5.88±0.08 1.53±0.07 0.97±0.07
2 280.66±0.67 2.12±0.30 — 5.22±0.33 <0.55 — <0.86 <0.47 <0.62
3 272.09±0.57 8.64±0.26 2.75±0.21 16.24±0.24 8.52±0.27 <0.30 5.52±0.43 <0.36 <0.37
4 270.67±1.17 <0.57 2.47±0.70 — — — — <0.60 <0.68
5 280.48±0.17 5.68±0.04 2.99±0.03 11.19±0.04 5.97±0.03 2.58±0.03 — — —
6 281.31±0.21 5.38±0.04 2.69±0.04 10.59±0.06 8.30±0.04 1.45±0.04 6.44±0.05 1.89±0.04 1.50±0.04
7 300.97±0.24 3.36±0.04 — 5.67±0.04 5.06±0.05 3.97±0.05 5.08±0.07 1.20±0.05 0.92±0.04
8 — 3.29±0.01 2.97±0.01 6.47±0.01 5.07±0.01 3.56±0.01 5.08±0.02 1.55±0.01 1.03±0.01
9 — 2.78±0.02 2.67±0.02 7.70±0.02 5.60±0.02 3.21±0.02 4.74±0.02 1.28±0.02 0.99±0.02
10 — 3.21±0.02 2.93±0.02 8.78±0.03 6.49±0.03 3.83±0.03 5.36±0.03 1.69±0.02 —
Note. — Continued.
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TABLE 2
Parameters of our metal-poor galaxies
# ID EMPG? redshift EW0(Hβ) 12+log(O/H) log(M⋆) log(SFR) E(B−V )
(A˚) (M⊙) (M⊙ yr−1) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
1 HSC J1429−0110 no 0.02980 172.6+0.7−0.6 8.27± 0.02 6.55
+0.13
−0.09 0.43± 0.01 0.35± 0.02
2 HSC J2314+0154 yesa 0.03265 213.3+23.4−17.6 7.23
+0.03
−0.02
a 5.17± 0.01 −0.85± 0.01 0.28± 0.03
3 HSC J1142−0038 no 0.02035 111.9+1.4−1.3 7.72± 0.03 4.95
+0.04
−0.01 −1.07± 0.01 0.00
+0.02
−0.00
4 HSC J1631+4426 yes 0.03125 123.5+3.5−2.8 6.90± 0.03 5.89
+0.10
−0.09 −1.28± 0.01 0.19± 0.03
5 SDSS J0002+1715 no 0.02083 103.9 ± 0.2 8.22± 0.01 7.06± 0.03 0.00± 0.01 0.00+0.01−0.00
6 SDSS J1642+2233 no 0.01725 153.7+0.5−0.4 8.45± 0.01 6.06
+0.03
−0.13 −0.17± 0.01 0.02± 0.02
7 SDSS J2115−1734 yes 0.02296 214.0+0.9−0.8 7.68± 0.01 6.56± 0.02 0.27± 0.01 0.19± 0.03
8 SDSS J2253+1116 no 0.00730 264.7 ± 0.3 7.973 ± 0.002 5.78± 0.01 −0.54± 0.01 0.00+0.01−0.00
9 SDSS J2310−0211 no 0.01245 127.6 ± 0.2 7.890+0.003−0.004 6.99± 0.03 −0.16± 0.01 0.01
+0.02
−0.01
10 SDSS J2327−0200 no 0.01812 111.0 ± 0.2 7.866+0.004−0.005 6.51
+0.02
−0.03 −0.18± 0.01 0.00
+0.02
−0.00
Note. — (1): Number. (2): ID. (3): Whether or not an object satisfies the EMPG definition, 12+log(O/H)<7.69. If yes
(no), we write yes (no) in the column. (5): Rest-frame equivalent width of an Hβ emission line. (6): Gas-phase metallicity based
on the Te method except for HSC J2314+0154. (7): Stellar mass. (8): Star-formation rate. (9): Color excess.
a The metallicity of HSC J2314+0154 is obtained with the metallicity calibration of Skillman (1989).
so-called Te-metallicities. Hereafter, we call the Te-
metallicity just “metallicity” unless we describe explic-
itly. We also use PyNeb to estimate metallicities. The
latest atomic data are used in the PyNeb codes. We do
not estimate a Te-based metallicity of HSC J2314+0154
because none of the Te(Oiii), Te(Oii), and Te(Siii)
is estimated due to non-detection of [O iii]4363 and
[O ii]7320,7330 emission lines. Instead, we estimate the
metallicity of HSC J2314+0154 with a calibrator ob-
tained by Skillman (1989) as described in Paper I. The
estimates of gas-phase metallicities are summarized in
Table 2. The estimation of electron temperatures and
metallicities are detailed in Paper I.
We estimate gas-phase element abundance ratios
of neon-to-oxygen (Ne/O), argon-to-oxygen (Ar/O),
nitrogen-to-oxygen (N/O), and iron-to-oxygen (Fe/O) in
a similar way to Izotov et al. (2006). First, we estimate
ion abundance ratios of Ne2+/H+, Ar3+/H+, Ar2+/H+,
N+/H+, and, Fe2+/H+ with the PyNeb codes. Because
different ions reside in different parts of an H ii region, we
choose one of the Te(Oiii), Te(Siii), and Te(Oii) to es-
timate abundances of each ion according to their ioniza-
tion potential. We use Te(Oiii) to estimate abundances
of O2+, Ne2+, and Ar3+. We adopt Te(Siii) in the esti-
mation of Ar2+ abundances. We apply Te(Oii) for abun-
dances of low-ionizion ions, O+, N+, and Fe2+. Second,
we convert the ion abundances into element abundances
with ionization correction factors (ICF s) of Izotov et al.
(2006) shown below:
Ne
H
=
Ne+
H+
+ ICF (Ne+), (5)
Ar
H
=
Ar3+ +Ar2+
H+
+ ICF (Ar3+ +Ar2+), (6)
N
H
=
N+
H+
+ ICF (N+), (7)
Fe
H
=
Fe2+
H+
+ ICF (Fe2+). (8)
The ICF s are based on H ii region models of
Stasin´ska & Izotov (2003) and are given as a function
of v =O+/(O2++O+) or w =O2+/(O2++O+). Finally,
we obtain Ne/O, Ar/O, N/O, and Fe/O ratios by divid-
ing Ne/H, Ar/H, N/H, and Fe/H by O/H (i.e., metal-
licity). We do not estimate Ne/O, Ar/O, N/O, and
Fe/O ratios of HSC J2314+0154 because none of the
Te(Oiii), Te(Oii), and Te(Siii) is obtained. The Ar/O
ratios of HSC J1631+4426 and SDSS J0002+1715 are
not estimated as well because the [Ar iii]7136 emission
line is strongly affected by the sky emission line. For
the literature EMPG, J0811+4730, we derive the element
abundances from Izotov et al. (2018). The element abun-
dances of J0811+4730 are obtained in the same manner
as in this paper. We summarize the element abundance
ratios in Table 3.
5. RESULTS AND DISCUSSIONS
5.1. Element Abundance Ratios
We show the element abundance ratios of neon, ar-
gon, nitrogen, and iron to oxygen (Ne/O, Ar/O, N/O,
and Fe/O) of our metal-poor galaxy sample consisting of
10 metal-poor galaxies from Paper I and J0811+4730
from Izotov et al. (2018). Figure 3 shows the Ne/O,
Ar/O, N/O, and Fe/O ratios as a function of metal-
licity, 12+log(O/H). Thanks to the two representative
EMPGs, HSC J1631+4426 (0.016 Z⊙) and J0811+4730
(0.019 Z⊙), we are able to investigate and discuss the
low metallicity end (below 0.02 Z⊙) of the element abun-
dances for the first time. We discuss these element abun-
dance ratios in the following subsections. We compare
the element abundance ratios of our metal-poor galaxy
sample with a metal-poor galaxy sample of Izotov et al.
(2006), whose typical stellar mass range is larger than
our sample galaxies.
5.1.1. Ne/O and Ar/O ratios
Izotov et al. (2006) report that Ne/O and Ar/O ra-
tios little depend on metallicity because the neon, argon,
and oxygen are all α elements, which are produced by
the nuclear fusion of α particles inside stars. As shown
in the panels (a) and (b) of Figure 3, we find that our
metal-poor galaxy sample shows almost constant values
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TABLE 3
Element abundance ratios
# ID log(Ne/O) log(Ar/O) log(N/O) log(Fe/O)
(1) (2) (3) (4) (5) (6)
1 HSC J1429−0110 −0.634+0.006−0.007 −2.634
+0.028
−0.026 −1.753
+0.020
−0.023 −1.994
+0.091
−0.075
2 HSC J2314+0154 — a — a — a — a
3 HSC J1142−0038 −0.712+0.008−0.010 < −2.253 −1.297
+0.019
−0.014 < −2.124
4 HSC J1631+4426 −0.641+0.022−0.019 —
b < −1.710 −1.246+0.174−0.313
5 SDSS J0002+1715 −0.701+0.003−0.002 —
b
−1.644± 0.004 −2.126+0.035−0.027
6 SDSS J1642+2233 −0.754± 0.005 −2.704+0.016−0.015 −1.943
+0.006
−0.009 −2.335
+0.027
−0.038
7 SDSS J2115−1734 −0.757+0.005−0.004 −2.274
+0.007
−0.013 −1.518
+0.009
−0.011 −1.639± 0.026
8 SDSS J2253+1116 −0.707± 0.001 −2.391 ± 0.002 −1.563± 0.003 −2.078+0.020−0.022
9 SDSS J2310−0211 −0.761± 0.001 −2.440 ± 0.004 −1.710+0.005−0.004 −2.046
+0.019
−0.023
10 SDSS J2327−0200 −0.737+0.001−0.002 −2.386 ± 0.006 −1.616
+0.006
−0.004 −1.890
+0.022
−0.017
Note. — (1): Number. (2): ID. (3)–(6): Gas-phase element abundance ratios of Ne/O, Ar/O, N/O,
and Fe/O. Upper limits are given with a 2σ confidence level.
a Not estimated due to the lack of electron temperature estimates.
b Not estimated because the [Ar iii]7136 emission line is strongly affected by the sky emission line.
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Fig. 3.— Element abundance ratios of neon, argon, nitrogen, and iron to oxygen (Ne/O, Ar/O, N/O, and Fe/O) are shown as a function
of metallicity in the panels (a) to (d), respectively. Our metal-poor galaxies from HSC-EMPG and SDSS-EMPG source catalogs are shown
with red stars. The EMPG, J0811+4730, which is derived from Izotov et al. (2018) is shown with the orange star. Metal-poor galaxies that
satisfy the EMPG are marked with a large circle. Here we do not show HSC J2314+0154, whose Te-metallicity and element abundances
are not estimated due to the lack of the electron temperature measurement. Gray dots represent local galaxies of Izotov et al. (2006). Gray
vertical and horizontal lines indicate solar abundance ratios and metallicity (Asplund et al. 2009). Solid lines in the panel (c) are the model
calculations of the N/O evolution (Vincenzo et al. 2016) with star-formation efficiencies of 0.5 (dark blue) and 1.0 (light blue) Gyr−1. The
Ar/O ratios of HSC J1631+4426 and SDSS J0002+1715 are not shown here because the [Ar iii]7136 emission line is strongly affected by
the sky emission line.
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of log(Ne/O) ∼−0.8 and log(Ar/O)∼−2.5 within a scat-
ter of ±0.2 dex, which are almost consistent with the
solar abundance ratios. We also find that the Ne/O and
Ar/O ratios are consistent with those of local galaxies
reported by Izotov et al. (2006) within the scatter. The
consistency suggests that our metal-poor galaxy sample
also shows no metallicity dependence in Ne/O and Ar/O
ratios.
Note that the Ar/O ratio might slightly decrease
in the range of 12+log(O/H)&8.2 in our sample and
the Izotov et al. (2006) sample, in contrast to the
Ne/O ratios. The Ar/O ratio is expected to be
constant and consistent with the solar abundance,
log(Ar/O)⊙=−2.29, because there seems to be no phys-
ical reason for the Ar/O (i.e., α element ratio) decrease
at 12+log(O/H)&8.2. It may be explained by the un-
derlying unknown systematics in the Ar/O estimation at
12+log(O/H)&8.2. We do not discuss it further in this
paper because the Ar/O abundances at relatively higher
metallicities are out of the scope of this paper.
5.1.2. N/O ratio
As suggested by previous studies
(Pe´rez-Montero & Contini 2009; Pe´rez-Montero et al.
2013; Andrews & Martini 2013), N/O ratios of SFGs
present a plateau at log(N/O)∼−1.6 in the range
of 12+log(O/H).8.0 and a positive slope at higher
metallicities as a function of metallicity. The panel
(c) of Figure 3 presents model calculations of the N/O
evolution (Vincenzo et al. 2016), which also show the
plateau and positive slope. The plateau basically results
from the primary nucleosynthesis of massive stars, while
the positive slope is mainly attributed to the secondary
nucleosynthesis of low- and intermediate-mass stars
(e.g., Vincenzo et al. 2016). We briefly describe the two
nitrogen production processes below.
• Primary nucleosynthesis: Inside a metal-poor star,
protons are burned through the proton-proton (p-
p) chain reaction, and little nitrogen is produced at
this stage. Nitrogen elements are mainly produced
after the formation of a heavy-element core (e.g.,
O and C) and ejected into ISM by SNe, for stars
more massive than ∼8 M⊙.
• Secondary nucleosynthesis: Metal-rich stars ef-
ficiently burn hydrogen through the carbon-
nitrogen-oxygen (CNO) cycle, where nitrogen el-
ements accumulate because 14N fusion (14N+p →
15O+γ) is the slowest process in the CNO cycle.
Then nitrogen is ejected through stellar winds dur-
ing the asymptotic giant branch (AGB) phase, ∼1
Gyr after the birth of low- and intermediate-mass
stars.
As shown in the panel (c) of Figure 3, most of our metal-
poor galaxies have N/O ratios of log(N/O)<−1.5 (i.e.,
less than ∼30 percent of the solar N/O ratio). Espe-
cially, HSC J1631+4426 has a strong, 2σ upper limit of
log(N/O)<−1.71, and J0811+4730 show a low N/O ratio
of log(N/O)=−1.53. The N/O values of the two EMPGs
(HSC J1631+4426 and J0811+4730) will be discussed
again in Section 5.1.3. These low N/O ratios suggest
that our metal-poor galaxies have not yet started the
secondary nucleosynthesis due to their low metallicities
and young stellar ages.
We also find several galaxies of our metal-poor galaxy
sample have relatively low N/O ratios compared to the
model lines of Vincenzo et al. (2016) and Izotov et al.
(2006) SFGs at 12+log(O/H)∼8.0. Vincenzo et al.
(2016) find that the N/O plateau is lowered under the
assumption of high sSFR or the top heavy initial mass
function (IMF). Indeed, our metal-poor galaxy sample
have high sSFRs (∼300Gyr−1) compared to those of the
Izotov et al. (2006) SFGs (∼1–10Gyr−1) because we aim
to obtain galaxies with high sSFRs in this study. Thus,
the N/O differences between our metal-poor galaxy sam-
ple and Izotov et al. (2006) SFG sample are explained by
the sample selection.
5.1.3. Fe/O ratio
In the panel (d) of Figure 3, we find that our
metal-poor galaxies show a decreasing trend in Fe/O
ratio as metallicity increases. The same decreasing
Fe/O trend is found in a star-forming-galaxy sample of
Izotov et al. (2006). Most of our metal-poor galaxies
have Fe/O ratios comparable to a star-forming-galaxy
sample of Izotov et al. (2006). Three EMPGs, HSC
J1631+4426, SDSS J2115−1734, and J0811+4730 (en-
circled by a red or orange circle) show relatively high
Fe/O ratios, log(Fe/O)>−1.7, among our metal-poor
galaxies. Especially, we find that HSC J1631+4426
and J0811+4730, two of the lowest metallicity galaxies
with 0.016 and 0.019 (O/H)⊙, have high Fe/O ratios of
log(Fe/O)=−1.25+0.17
−0.31 and log(Fe/O)=−1.06± 0.09, re-
spectively, which are comparable to the solar Fe/O ratio,
log(Fe/O)⊙=−1.19. In this paper, we mainly focus on
the two representative EMPGs, HSC J1631+4426 and
J0811+4730, which interestingly show high Fe/O ratios.
Note again that J0811+4730 is an EMPG reported by
Izotov et al. (2018). Table 4 summarizes the Fe/O ratios
and He ii4686/Hβ ratios (discussed in Section 5.2.2) of
the two representative EMPGs (HSC J1631+4426 and
J0811+4730), which play an important role in this pa-
per. We also show the fluxes of the two kew emission
lines of [Fe iii]4658 and He ii4686 in Table 4.
To characterize the two EMPGs (HSC J1631+4426 and
J0811+4730) with a high Fe/O ratio, we also compare
our metal-poor galaxies with Galactic stars (Cayrel et al.
2004; Gratton et al. 2003; Bensby et al. 2013) in Fig-
ure 4. The Galactic star samples are composed of
dwarf or subdwarf stars. The solid line here represents
a stellar Fe/O evolution model under the assumption
that gas is enriched by massive stars with 9–100 M⊙
(Suzuki & Maeda 2018). The gaseous abundance ratios
at the time of the star formation are imprinted in the
stellar abundance patterns because stars are formed from
gas. As explained in Section 1, the Fe/O ratio increases
at 12+log(O/H)&8.0 due to the contribution of type-Ia
SNe ∼1 Gyr after the start of the star formation. Sur-
prisingly, we find in Figure 4 that the two EMPGs (HSC
J1631+4426 and J0811+4730) deviate from the observa-
tional results of Galactic stars and the Fe/O evolution
model. Below, we mainly focus on the discussion of the
two EMPGs of HSC J1631+4426 and J0811+4730, unless
we specifically describe explicitly. Note that our metal-
poor galaxies present gas-phase Fe/O ratios in nebulae,
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TABLE 4
Parameters of two representative EMPGs
ID 12+log(O/H) log(Fe/O) log(He ii/Hβ) F ([Fe iii]) F (He ii) Ref.
(erg s−1 cm−2) (erg s−1 cm−2)
(1) (2) (3) (4) (5) (6) (7)
HSC J1631+4426 6.90± 0.03 −1.25+0.17−0.31 −1.58
+0.07
−0.08 12.0± 5.02 30.5 ± 5.04 This paper
J0811+4730 6.98± 0.02 −1.06± 0.09 −1.64± 0.03 6.55± 1.26 28.6 ± 1.89 I18
Note. — (1): ID. (2): Gas-phase metallicity. (3): Abundance ratio of log(Fe/O). (4): Emission line ratio of log(He ii/Hβ).
(5)–(6): Emission line fluxes of [Fe iii]4658 and He ii4686 in the unit of 10−18 erg s−1 cm−2. (7): Reference. I18 represents
Izotov et al. (2018).
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Fig. 4.— Comparison of Fe/O ratios of our metal-poor galaxies (symbols are the same as Figure 3) and Galactic stars (blue squares).
We show observational data of Galactic stars from Cayrel et al. (2004), Gratton et al. (2003), and Bensby et al. (2013). Blue solid line
represents a stellar Fe/O evolution model under the assumption that gas is enriched by massive stars with 9–100 M⊙ (Suzuki & Maeda
2018). Here we do not show HSC J2314+0154, whose Te-metallicity and element abundances are not estimated due to the lack of the
electron temperature measurement.
while the Galactic stars show the Fe/O ratio obtained
from stellar atmospheric absorption lines. The nebular
abundance ratios are subject to change by the effects
of SNe, stellar wind, and galactic inflow in a short time
scale (i.g., . 10 Myr). By contrast, the abundance ratios
of Galactic stars (i.e., dwarf and subdwarf stars) change
little across the cosmic time because the element produc-
tion proceeds very slowly and the heavy elements such
as oxygen and iron are produced little in low-mass stars
such as dwarf and subdwarf stars. Thus, the abundance
ratios of the dwarf and subdwarf stars are almost fixed
at the time of the star formation, and can be regarded
as tracers of the past chemical evolution. The dwarf and
subdwarf stars with low metallicities of 0.01–0.1 Z⊙ are
as old as ∼12 Gyr (e.g., Bensby et al. 2013), which is
right after the MW formation. The two EMPGs (HSC
J1631+4426 and J0811+4730), whose Fe/O ratios devi-
ate from the Galactic stars and the Fe/O model, suggest
that their Fe/O ratios have increased for some reason
right after the galaxy formation. Below, we discuss three
scenarios that might be able to explain the Fe/O devia-
tion of the two EMPGs.
The first scenario is the preferential dust depletion
of iron, suggested by Rodriguez & Rubin (2005) and
Izotov et al. (2006). Rodriguez & Rubin (2005) and
Izotov et al. (2006) discuss that gas-phase Fe/O ratios
decrease as a function of metallicity in the range of
12+log(O/H).8.5 because iron elements are depleted
into dust more effectively than oxygen. The depletion
becomes dominant in a higher metallicity range, where
the dust production becomes more efficient. For dust-
free (i.e., metal-poor) galaxies, gas-phase Fe/O ratios are
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expected to become comparable to the observational re-
sults of Galactic stars and the Fe/O evolution model. Al-
though the dust depletion may explain the negative Fe/O
slope, it does not explain the fact that the two EMPGs
(HSC J1631+4426 and J0811+4730) show higher Fe/O
ratios than the Galactic stars and models at fixed metal-
licity. In addition, as we have seen in Section 4.1 and Ta-
ble 2, most of our metal-poor galaxies show E(B−V )∼0
(i.e., less dusty). At least, we do not find an evidence
that galaxies with a larger metallicity show larger color
excesses (i.e., dustier). This means that the Fe/O de-
crease of our sample is not attributed to the dust deple-
tion. Based on these facts, we rule out the first scenario.
The second scenario is a combination of metal enrich-
ment and gas dilution caused by inflow. In this scenario,
we assume that EMPGs are formed from metal-enriched
gas with the solar metallicity and solar Fe/O ratio. The
Fe/O evolution models suggest that the Fe/O ratio in-
creases at 12+log(O/H)&8.0 due to the contribution of
type-Ia SNe ∼1 Gyr after the start of the star formation.
Such mature galaxies also tend to have the solar metal-
licity (i.e, O/H) at the same time. If primordial gas (i.e.,
almost metal free) falls into the metal-enriched galaxies,
the metallicity (i.e, O/H) decreases while the Fe/O ratio
does not change. At first glance, this scenario seems to
explain the Fe/O deviation of the two EMPGs. However,
if the second scenario is true, both the Fe/O and N/O ra-
tios should match solar abundances because the N/O ra-
tio also reaches the solar N/O ratio, log(N/O)⊙=−0.86,
at the solar metallicity (Sections 1 and 5.1.2). As we
have seen in the panel (c) of Figure 3, the two deviating
EMPGs, HSC J1631+4426 and J0811+4730 (encircled
by a red or orange circle at 12+log(O/H)∼7.0) have a
strong 2σ upper limit of <0.14 (N/O)⊙ and a low value of
0.21 (N/O)⊙, respectively. These low N/O ratios suggest
that the two deviating EMPGs are experiencing the pri-
mary nucleosynthesis, not the secondary nucleosynthesis
expected to start ∼1 Gyr after the onset of the star for-
mation. This also means that the high Fe/O ratios are
not attributed to the type-Ia SNe, which arise ∼1 Gyr
after the onset of the star formation. This conclusion is
also consistent with the fact that the two EMPGs are
very young, . 50 Myr (Paper I). We exclude the second
scenario because the second scenario does not explain the
observed Fe/O and N/O ratios simultaneously.
The third scenario is the contribution of super mas-
sive stars beyond 300 M⊙. Super massive stars beyond
300 M⊙ eject much iron at the time of core-collapse SN
explosion. Ohkubo et al. (2006) have calculated yields
from core-collapse SNe under the assumption of the pro-
genitor stellar mass with 500–1000M⊙, obtaining ∼2–40
(Fe/O)⊙. In the super massive stars beyond 300M⊙, an
iron core grows until the iron core occupies more than 20
percent of the stellar mass. Although massive stars with
140–300M⊙ undergo thermonuclear explosions triggered
by pair-creation instability (PISNe, Barkat et al. 1967),
super massive stars beyond 300 M⊙ are too massive to
trigger PISNe and thus continue the iron core growth.
The super massive stars beyond 300 M⊙ eject a large
amount of iron by a jet stream from the massive iron
core during the SN explosion. On the other hand, the
core-collapse SNe of typical-mass stars (10–50M⊙) eject
gas with an average of ∼0.4 (Fe/O)⊙ (Tominaga et al.
2007, IMF integrated in the range of 10–50 M⊙), which
is below the solar Fe/O ratio. Yields of type-Ia SNe cal-
culated by Iwamoto et al. (1999) show ∼40 (Fe/O)⊙. Of
the three types of SNe, only the type-Ia SNe and the
SNe of super massive stars (>300 M⊙) contribute to the
iron enrichment larger than the solar Fe/O ratio. As we
have discussed in the second scenario above, the low N/O
ratios of the two EMPGs suggest that their high Fe/O
ratios are not explained by type-Ia SNe. Ruling out the
type-Ia SNe, we find that the remaining possibility is the
contribution from the SNe of super massive stars beyond
300 M⊙. We also confirm that SNe of the super massive
stars (>300 M⊙) do not change N/O ratios in compar-
ison with the core-collapse SNe of typical massive stars
(Iwamoto et al. 1999; Ohkubo et al. 2006), strengthen-
ing the reliability of the super massive star (>300 M⊙)
scenario.
In summary of this subsection, we have discussed
the three scenarios that might be able to explain the
high Fe/O ratios of the two EMPGs (HSC J1631+4426
and J0811+4730). We suggest that the high Fe/O ra-
tios of the two EMPGs are attributed to the contri-
bution from core-collapse SNe of super massive stars
beyond 300 M⊙. The contribution of super mas-
sive stars beyond 300 M⊙ to the iron enhancement
has never been discussed by previous studies including
Izotov et al. (2006) and Izotov et al. (2018). Many pre-
vious studies (e.g., Fragos et al. 2013a,b; Stanway et al.
2016; Suzuki & Maeda 2018; Xiao et al. 2018) assume
the IMF maximum stellar mass (Mmax) at Mmax=100,
120, or 300M⊙, ignoring super massive stars beyond 300
M⊙, so this paper sheds light on the super massive stars
beyond 300 M⊙ in metal-poor galaxies undergoing the
early-phase galaxy formation.
5.2. Ionizing Radiation
5.2.1. Emission Line Ratios
We investigate ionizing radiation of our metal-poor
galaxy sample by comparing emission line ratios of var-
ious ions. Figure 5 shows four emission line ratios of
[O ii]3727,3729/Hβ, [Ar iii]4740/Hβ, [O iii]5007/Hβ, and
[Ar iv]7136/Hβ as a function of metallicity. Among many
emission lines detected in our spectroscopy, we choose the
[O ii]3727,3729, [Ar iii]4740, [O iii]5007, and [Ar iv]7136
emission lines for two reasons below. The first reason is
that oxygen and argon are both α elements, and thus the
Ar/O abundance ratio is almost constant as we confirm
in Section 5.1. Thus, emission line ratios are simply inter-
preted by ionizing radiation intensity and/or hardness,
free from variance of element abundance ratio. The sec-
ond reason is that the four lines are sensitive to ionization
photons in a wide energy range from 13.6 to 40.7 eV. The
[O ii]3727,3729, [Ar iii]4740, [O iii]5007, and [Ar iv]7136
lines are emitted via spontaneous emission after colli-
sional excitation of O+, Ar2+, O2+, and Ar3+, respec-
tively. Table 5 summarizes these emission line processes
and corresponding photon energy required to emit these
lines.
In panels of (a)–(d) of Figure 5, we show local, av-
erage SFGs of Andrews & Martini (2013, AM13 here-
after) with black circles. We regard the AM13 SFGs
as local averages because the AM13 sample is obtained
by the SDSS composite spectra in bins of wide SFR
and stellar-mass ranges. In panels of (a)–(d), the
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Fig. 5.— Dust-corrected emission line ratios of [O ii]3727,3729,
[Ar iii]4740, [O iii]5007, and [Ar iv]7136 to Hβ in panels (a)–(d).
Symbols are the same as in Figure 3. Here we do not show HSC
J2314+0154 as well, whose Te-metallicity and element abundances
are not estimated. The ionization potentials of O0, Ar2+, O+, and
Ar3+ ions (13.6, 27.6, 35.1, and 40.7 eV, respectively) are presented
in panels (a)–(d). Black circles represent averages of local SFGs
obtained with SDSS composite spectra (Andrews & Martini 2013).
We do not show galaxies whose nebular emission line is strongly
affected by the sky emission line.
TABLE 5
Summary of Emission Line Process, Ionization
Process and Ionization Potential
Line Emission Ionization Ionization
Process Process Potential
(eV)
Hβ Re H0+γ → H+ 13.6
[O ii]3727 CE O0+γ → O+ 13.6
[Ar iii]4740 CE Ar2++γ → Ar3+ 27.6
[O iii]5007 CE O++γ → O2+ 35.1
[Ar iv]7136 CE Ar3++γ → Ar4+ 40.7
He ii4686 Re He++γ → He2+ 54.4
Note. — In the column of emission processes, Re and CE
represent the recombination and collisional excitation.
AM13 SFGs form sequences as a function of metallicity.
The sequences of [O ii]3727,3729/Hβ and [Ar iii]4740/Hβ
show peaks at around 12+log(O/H)∼8.7 and 8.3, re-
spectively. The [O iii]5007/Hβ and [Ar iv]7136/Hβ ra-
tios may also have peaks around 12+log(O/H) ∼8.0
and 12+log(O/H)∼7.2–7.7 by interpolating AM13 SFGs
and our metal-poor galaxies. Recalling that the
[O ii]3727,3729, [O iii]5007, [Ar iii]4740, and [Ar iv]7136
lines are sensitive to ionizing photon above 13.6, 35.1,
27.6, and 40.7 eV, respectively, we find that the peak
metallicities decrease with increasing ionizing potentials
of the corresponding emission lines. The peak transi-
tion demonstrates that ISM is irradiated by more intense
or harder ionizing radiation in lower metallicity, as sug-
gested by previous studies (e.g., Nakajima & Ouchi 2014;
Steidel et al. 2016; Nakajima et al. 2016; Kojima et al.
2017). We also find that our metal-poor galaxies fall on
the sequences of AM13 SFGs within a scatter. Thus, we
infer that our metal-poor galaxies and the AM13 SFGs
have a similar spectral shape in the energy range of 13.6–
40.7 eV for a given metallicity.
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Fig. 6.— Emission line ratios of He ii4686/Hβ as functions of
metallicity. Symbols are the same as in Figure 5. Here we do not
show HSC J2314+0154, whose Te-metallicity and element abun-
dances are not estimated. Gray dots are individual local galaxies
of S19 with an He ii4686 detection. Gray circles and error bars show
medians and 68%-percentile scatters of the S19 sample obtained in
each metallicity bin, respectively.
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Figure 6 shows He ii4686/Hβ ratios of our metal-
poor galaxies as a function of metallicity, as well
as the AM13 SFGs (black circles). The AM13
SFGs show almost constant He ii4686/Hβ ratios
around log(He ii4686/Hβ)∼−2.0 in the range of
12+log(O/H)=8.1–8.6, while the He ii4686/Hβ
ratios increases with decreasing metallicity be-
low 12+log(O/H)=8.1. Our metal-poor galaxies
show a wide range of He ii4686/Hβ ratios between
log(He ii4686/Hβ)∼−1.6 and −2.6. The distribution of
our metal-poor galaxies are similar to those of SFGs
of Schaerer et al. (2019, S19 hereafter). Among our
metal-poor galaxies, three EMPGs (encircled by red
and orange circles) show highest He ii4686/Hβ ratios
around log(He ii4686/Hβ)∼−1.6, including the two rep-
resentative EMPGs, HSC J1631+4426 and J0811+4730
(Izotov et al. 2018).
5.2.2. Strong He ii4686 Line
As described in Section 1, the physical mechanism
of the He ii4686 emission from SFGs is still under de-
bate. S19 aim to explain the He ii4686 emission from
local SFGs with high mass X-ray binary (HMXB) mod-
els of Fragos et al. (2013a,b). HMXBs are binary sys-
tems consisting of a compact object (such as BH) and
a companion star. The companion star provides gas
onto the compact object, and creates a hot accretion
disk around the compact object. The hot accretion disk
radiates very hard, power-low radiation ranging from
UV to X-ray. Fragos et al. (2013a,b) carefully calcu-
late the HMXB evolution along the star-formation his-
tory, and predict total X-ray luminosities (LX) from a
galaxy as functions of metallicity and age. S19 convert an
LX/SFR ratio to the He ii4686/Hβ ratio, under the sim-
ple assumptions of He ii4686/Hβ=1.74×Q(He+)/Q(H)
(Case B recombination of 20,000K, Stasin´ska et al.
2015), Q(H)/SFR=9.26×1052 photon s−1/(M⊙ yr
−1)
(Kennicutt 1998), and hardness of Q(He+)/LX=2×10
10
photon erg−1. Here, the Q(He+) and Q(H) are defined
by ionizing photon production rates above 54.4 and 13.6
eV, respectively. S19 also use the bpass binary stellar
synthesis models of Xiao et al. (2018) to associate stellar
ages with EW0(Hβ).
Figure 7 compares He ii4686/Hβ ratios of our metal-
poor galaxies and those obtained by the S19 HMXBmod-
els (solid lines) as a function of EW0(Hβ). The solid
lines trace time evolution of He ii4686/Hβ and EW0(Hβ)
with different metallicities of 0.05, 0.10, 0.20, and 0.50
Z⊙. The EW0(Hβ) decreases and the He ii4686/Hβ ra-
tio increases as time passes due to the stellar evolu-
tion and HMXB evolution, respectively. The HMXB
models (especially 0.05 and 0.10Z⊙) show a rapid in-
crease of He ii4686/Hβ around EW0(Hβ)∼100–300 A˚.
The EW0(Hβ)∼100–300 A˚ corresponds to ∼5 Myr in the
bpass binary stellar synthesis models. The rapid increase
is triggered by the first compact object formation (i.e.,
the first HMXB formation) after∼5 Myr of the starburst.
As shown in Figure 7, the HMXB models of S19 have
quantitatively explained the He ii4686/Hβ ratios of half
of our metal-poor galaxies. However, we find that the
other five metal-poor galaxies are not explained by the
HMXB model, which fall in the ranges of EW0(Hβ)>100
A˚ and log(He ii4686/Hβ)>−2.0. Interestingly, three out
of the five metal-poor galaxies are EMPGs (i.e., Z <
0.1Z⊙), which are marked with red and orange circles in
Figure 7. Especially, HSC J1631+4426 (0.016Z⊙) and
J0811+4730 (0.019Z⊙) are the representative EMPGs
with the two lowest metallicities reported to date, show-
ing high He ii4686/Hβ ratios of log(He ii4686/Hβ)∼−1.6.
Furthermore, the S19 SFG sample also include galax-
ies in the same ranges of EW0(Hβ)>100 A˚ and
log(He ii4686/Hβ)>−2.0. S19 have argued that other
X-ray sources are likely to appear fairly soon after the
onset of the star formation (.5 Myr) in galaxies with
high values of EW0(Hβ) and He ii4686/Hβ. Although
Wolf-Rayet (WR) stars might contribute to the strong
He ii4686 emission, we do not find broad He ii4686 emis-
sion lines typical of the WR stars (Brinchmann et al.
2008; Lo´pez-Sa´nchez & Esteban 2009) in our spectra. In-
stead, S19 suggest that an underlying older population
or shocks could also contribute to the high He ii4686/Hβ
ratios.
In addition to the S19 suggestions, we propose two
other possibilities, for the first time, which can ex-
plain the high He ii4686/Hβ ratios seen in the range
of EW0(Hβ)>100 A˚. First, we propose a possibility
of super massive stars beyond 300 M⊙. The HMXB
models of Fragos et al. (2013a,b) assume the Kroupa
IMF (Kroupa 2001; Kroupa & Weidner 2003) with the
maximum stellar mass of Mmax=120 M⊙. Thus, in
the HMXB models of (Fragos et al. 2013a,b), the first
HMXBs emerge ∼ 5 Myr after the start of the star
formation, which corresponds to a lifetime of a star
with 120 M⊙. On the other hand, stars more massive
than 120 M⊙ are expected to have a shorter life time
than stars with 120 M⊙. According to the theoreti-
cal study of Yungelson et al. (2008), super massive stars
with 300 M⊙ and 1000 M⊙ die after 2.5 and 2.0 Myr
after the onset of the star formation, respectively. As de-
scribed in Section 5.1.3, stars between 140 and 300 M⊙
undergo thermonuclear explosions triggered by PISNe
(Barkat et al. 1967), and do not leave any compact ob-
ject (e.g., Heger & Woosley 2002). On the other hand,
stars beyond 300 M⊙ experience core-collapse SNe and
form intermediate-mass BHs (IMBH, e.g., Ohkubo et al.
2006). Ohkubo et al. (2006) estimate that BH masses
become ∼230 and ∼500M⊙ for stars with initial masses
of 500 and 1000 M⊙, respectively. Thus, when we as-
sume super massive stars beyond 300 M⊙, IMBHs ap-
pear as early as ∼2 Myr, and part of the IMBHs may
form HMXBs. Accretion disks of IMBHs emit very
hard radiation including ionizing photons above 54.4 eV,
which boosts the He ii4686 intensity. A galaxy as young
as ∼2 Myr has EW0(Hβ)∼300–400A˚ according to the
bpass models. Under the assumption of super mas-
sive stars beyond 300 M⊙, the He ii4686/Hβ ratio is
expected to start increasing at around EW0(Hβ)∼300–
400A˚. Such a model may cover the regions of
EW0(Hβ)>100 A˚ and log(He ii4686/Hβ)>−2.0 shown
in Figure 7. Thus, we suggest that super mas-
sive stars beyond 300 M⊙ would be able to explain
the high ratios, log(He ii4686/Hβ)>−2.0 in the galax-
ies with EW0(Hβ)>100 A˚. Note again that galaxies
with log(He ii4686/Hβ)>−2.0 and EW0(Hβ)>100 A˚ in-
cludes EMPGs, HSC J1631+4426 SDSS J2115−1734,
and J0811+4730. These EMPGs might form super mas-
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Fig. 7.— Same as Figure 6, but as a function of Hβ equivalent width, EW0(Hβ). Symbols are the same as in Figures 5 and 6. Here
we do not show HSC J2314+0154, whose Te-metallicity and element abundances are not estimated. Solid lines represent the S19 HMXB
models, tracing time evolution of He ii4686/Hβ and EW0(Hβ) with different metallicities of 0.05, 0.10, 0.20, and 0.50 Z⊙ (from dark blue
to light blue).
sive star beyond 300M⊙ from their extremely metal-poor
gas. However, our explanation and the interpretation of
S19 are based on some simple assumptions that associate
the HMXB models and the bpass stellar synthesis mod-
els. We propose to construct self-consistent SED models
ranging from X-ray to UV with the HMXB evolution
models under the assumption of Mmax>300 M⊙.
Second, we also suggest a possibility of a metal-poor
AGN, which can contribute to boost the He ii4686 in-
tensity of the very young galaxies. In Paper I, we
have confirmed that all of our metal-poor galaxies fall
on the SFG region of the BPT diagram defined by the
maximum photoionization models with stellar radiation
(Kewley et al. 2001). However, Kewley et al. (2013) sug-
gest that emission-line ratios calculated under the as-
sumption of a metal-poor AGN also fall on the SFG re-
gion. Thus, we cannot exclude the possibility of a metal-
poor AGN. Groves et al. (2004a,b) have constructed the
photo-ionization models under the assumption of AGN-
like, power-row radiation. The models of Groves et al.
(2004a,b) predict very strong He ii4686 emission repre-
sented by log(He ii4686/Hβ)∼−1.5 to 0.0. On the other
hand, photo-ionization models with stellar radiation
(Xiao et al. 2018) predict log(He ii4686/Hβ).−2.5. To
explain the observed ratios of log(He ii4686/Hβ)∼−2.0,
the combination of AGN and stellar radiation is required.
We have checked the archival data of ROSAT and XMM,
and found no detection in X-ray. This is because the data
are ∼2 orders of magnitudes shallower than expected X-
ray luminosities (∼10−14 erg s−1 cm−2) of our metal-poor
galaxy sample, which are obtained under the assump-
tion of L2keV–MUV relation of AGN (Lusso et al. 2010).
Deep X-ray observations are required to constrain X-ray
sources of metal-poor galaxies.
5.3. Formation Mechanism of Super Massive Stars
beyond 300 M⊙
Below, we focus only on the two representative
EMPGs, HSC J1631+4426 (0.016 Z⊙) and J0811+4730
(0.019 Z⊙) and discuss their high Fe/O ratios and
He ii4686/Hβ ratios. The two representative EMPGs,
HSC J1631+4426 and J0811+4730 show the two low-
est metallicities reported to date. In Section 5.1.3, we
have found that the two EMPGs, HSC J1631+4426 and
J0811+4730 show Fe/O ratios ∼1.0 dex higher than
Galactic stars and the Fe/O evolution models at fixed
metallicity. We have concluded that the high Fe/O ratios
are explained by core-collapse SNe of super massive stars
beyond 300M⊙. In Section 5.2.2, we have also found that
the two EMPGs, HSC J1631+4426 and J0811+4730,
show both high He ii4686/Hβ ratios (∼1/40) and high
EW0(Hβ) (∼100–300 A˚). We have suggested that IMBH
formed from super massive stars beyond 300 M⊙ can
explain the high He ii4686/Hβ ratios. Interestingly, the
scenario of super massive stars beyond 300 M⊙ explains
both the high Fe/O ratios and the high He ii4686/Hβ
ratios of our EMPGs with the low metallicities (∼0.02
Z⊙), young ages (.50 Myr), and very low stellar mass
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(∼105–106 M⊙), which are undergoing an early stage of
the galaxy formation.
The idea of super massive stars beyond 300 M⊙ is not
necessarily extraordinary. Crowther et al. (2010, 2016)
have claimed the spectroscopic identification of super
massive stars with ∼320 M⊙ in the R136 star clus-
ter of Large Magellanic Cloud (LMC). The identifica-
tion of an IMBH with MBH > 700M⊙ in a star cluster
of M82 (Matsumoto et al. 2001; Ebisuzaki et al. 2001;
Kaaret et al. 2001) is another indirect trace of a super
massive star beyond 300 M⊙. This is because the SN
numerical simulation (Ohkubo et al. 2006) suggests that
a star with initial masses beyond 300M⊙ leaves an IMBH
with &100 M⊙.
We may wonder how such super massive stars are
formed. Below, we discuss the formation mechanisms
of super massive stars beyond 300 M⊙. Theoreti-
cal studies (e.g., Bromm & Loeb 2004; Omukai & Palla
2003) suggest that metal-free (pop-III) stars are typ-
ically super massive (>300 M⊙) because gas cooling
becomes insufficient and the fragmentation mass be-
comes large in metal-free gas. The critical metallic-
ity (Zcrit), below which super massive stars can be
formed directly, is Zcrit ∼ 10
−6 to 10−4Z⊙, theoret-
ically (e.g., Bromm et al. 2001; Santoro & Shull 2006;
Schneider et al. 2006; Smith & Sigurdsson 2007). The
critical metallicity (Zcrit ∼ 10
−6–10−4Z⊙) is much lower
than our metallicity measurements of our EMPGs, ∼0.02
Z⊙. Thus, the direct gas collapse is unlikely to be the
formation mechanism of the super massive stars beyond
300 M⊙ in our EMPGs.
We briefly discuss another possibility that EMPGs pre-
viously had a metallicity near the critical metallicity
(∼ 10−6–10−4Z⊙) at the time of the galaxy formation,
and the metallicity has been increased by SNe within a
short period. The metallicity at the time of the galaxy
formation namely depends on the metallicity of the in-
flow gas, which may come from a void region free from
the metal contamination. Based on the observational
results of metal-poor galaxies, Thuan et al. (2005) spec-
ulate that the metallicity lower limit (so-called “metal-
licity floor”) might exist at ∼ 10−2Z⊙ at z = 0 because
the IGM has slightly been metal-enriched by the past
star formation activities even in the void regions. In
addition, observational studies of Lyman alpha absorp-
tion systems (e.g., Prochaska et al. 2003; Rafelski et al.
2012; Lehner et al. 2013; Quiret et al. 2016) have not
yet discovered Lyman alpha absorption system below
∼ 10−2Z⊙ at z = 0–1. Hydrodynamical simulation of
Martizzi et al. (2019) also demonstrates that the aver-
age IGM metallicity in the void region is ∼ 10−2Z⊙ at
z = 0. We do not necessarily remove the possibility that
EMPGs had a metallicity near the critical metallicity
(∼ 10−6–10−4Z⊙) at the time of the galaxy formation
because part of the IGM would reach below ∼ 10−2Z⊙
(Hafen et al. 2017) due to a metallicity fluctuation. How-
ever, the direct gas collapse may not be, at least, the
main formation mechanism of the super massive stars
beyond 300 M⊙.
Ebisuzaki et al. (2001) and Portegies Zwart et al.
(1999, 2004, 2006) has presented another formation
mechanism of super massive stars beyond 300M⊙, where
super massive stars are formed by stellar mergers under
the very dense condition in a star cluster. Numerical
simulations suggest that super massive stars of 800–3000
M⊙ have been formed by stellar mergers within ∼3 Myr
(Portegies Zwart et al. 2004). The super massive star
formation mechanism of Portegies Zwart et al. (2004) is
presented to explain an IMBH discovered in a star cluster
of M82 (Matsumoto et al. 2001; Ebisuzaki et al. 2001;
Kaaret et al. 2001). The estimated BH mass of the M82
IMBH isMBH > 700M⊙. This stellar merger mechanism
requires the very dense star forming regions, which are
typical in young, metal-poor galaxies. Indeed, our sam-
ple EMPGs are undergoing the intensive star-formation
represented by high sSFRs (∼300 Gyr−1, Kojima et al.
2019) and small sizes (∼ 100 pc, Paper III). Although
the stellar merger mechanism itself does not depend on
metallicity, the formation mechanism of the very dense
star forming regions may depend on metallicity. A pos-
sible scenario is that a large amount of massive stars are
formed within a compact region by a primordial gas (i.e.,
almost metal free) infall from the inter-galactic space
(KS1-EMPG in Paper III). This scenario may be associ-
ated with the top heavy IMF.
In this paper, we find that two representative EMPGs
(∼0.02 Z⊙) show both the high Fe/O ratios and the
high He ii4686/Hβ ratios, which are not explained by
the previous models assuming massive stars up to 100
or 120 M⊙. In the end of this section, we summarize
one possible picture that we have suggested in each sec-
tion of this paper. In our picture, EMPGs are formed
by a primordial gas infall, which also forms star clusters
with a very high number density of massive stars (Pa-
per III). In such very dense regions of star clusters, stel-
lar mergers trigger the formation of super massive stars
beyond 300 M⊙ within ∼3 Myr (Portegies Zwart et al.
2004). The super massive stars beyond 300 M⊙ even-
tually eject much iron through the core-collapse SNe
in ∼2 Myr (Ohkubo et al. 2006; Yungelson et al. 2008)
and form IMBHs (MBH & 100M⊙, Ohkubo et al. 2006)
boosting the He ii4686 emission. To testify this picture,
spectroscopic observations are required with a high spa-
cial resolution in multi-wavelength to identify the forma-
tion mechanism of EMPGs and to directly detect IMBH
signatures in EMPGs.
6. SUMMARY
We investigate element abundance ratios and ioniz-
ing radiation of 10 metal-poor galaxies at z . 0.03,
which have been discovered in the wide-field imag-
ing data of Subaru/Hyper Sprime-Cam (HSC) and
Sloan Digital Sky Survey (SDSS) by Kojima et al.
(2019). The 10 metal-poor galaxies are represented by
low metallicities, 12+log(O/H) =6.90–8.45, low stellar
masses, log(M⋆/M⊙)=4.95–7.06, and high specific star-
formation rates (sSFR∼300Gyr−1). These galaxies have
very low masses of log(M⋆/M⊙).6, which are compara-
ble to those of star clusters. Such cluster-like galaxies are
undergoing the first stage of the galaxy formation. Espe-
cially, three out of the 10 galaxies are extremely metal-
poor galaxies (EMPGs) defined by 12+log(O/H)<7.69,
including HSC J1631+4426 with the lowest metallicity
(0.016 Z⊙) reported to date. In addition to the 10 metal-
poor galaxies, we include another EMPG from the liter-
ature (J0811+4730, Izotov et al. 2018) in the sample of
this paper. J0811+4730 has the second lowest metallic-
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ity of 0.019 Z⊙ reported to date. The two EMPGs (HSC
J1631+4426 and J0811+4730) are key in this paper.
• We estimate element abundance ratios of Ne/O,
Ar/O, and N/O of our metal-poor galaxies, and
compare them with local SFGs. We find that
α-element ratios of Ne/O and Ar/O show al-
most constant values of log(Ne/O) ∼−0.8 and
log(Ar/O)∼−2.5 as a function of metallicity, re-
spectively. These constant Ne/O and Ar/O val-
ues are consistent with those of local SFGs. Most
of our metal-poor galaxies have N/O ratios of
log(N/O).−1.5, suggesting that our metal-poor
galaxies are undergoing the primary nucleosynthe-
sis of nitrogen due to their low metallicity and
young stellar population.
• We also estimate Fe/O ratios of our metal-poor
galaxies, and compare them with local SFGs. Our
metal-poor galaxy sample shows a decreasing Fe/O
trend with increasing metallicity, which is consis-
tent with the previous results of local SFGs. We
find that two EMPGs, HSC J1631+4426 (0.016
Z⊙) and J0811+4730 (0.019 Z⊙, Izotov et al.
2018), show higher Fe/O ratios than observational
results of Galactic stars and a model calculation
of the Fe/O evolution at fixed metallicity. Espe-
cially, HSC J1631+4426 and J0811+4730 show the
solar Fe/O ratios in spite of its very low metallicity,
0.016 and 0.019 Z⊙, respectively. We discuss the
three scenarios that might be able to explain the
high Fe/O ratios with the extremely low metallic-
ity: (1) the preferential dust depletion of iron, (2)
a combination of metal enrichment and gas dilu-
tion caused by inflow, and (3) super massive stars
beyond 300 M⊙. The scenario (1) is ruled out be-
cause the solar Fe/O ratios are not achieved by the
dust depletion, and we do not see any correlation
between the dust extinction and the Fe/O ratios.
We also exclude the scenario (2) because the ob-
served N/O ratios are lower than the expected so-
lar N/O ratio when the scenario (2) is true. Thus,
we conclude that the high Fe/O ratios of the two
EMPGs are attributed to super massive stars be-
yond 300 M⊙, which is consistent with the young
stellar ages of EMPGs (. 50 Myr).
• To probe ionizing radiation in our metal-poor
galaxies, we inspect emission lines from various
ions covering a wide range of ionization poten-
tials. We choose Hβ, [O ii]3727,3729, [Ar iii]4740,
[O iii]5007, and [Ar iv]7136 lines, which are sen-
sitive to ionizing photon above 13.6, 13.6, 27.6,
35.1, and 40.7 eV, respectively. Our metal-
poor galaxies and local, average SFGs show se-
quences of [O ii]3727,3729/Hβ, [Ar iii]4740/Hβ,
[O iii]5007/Hβ, and [Ar iv]7136/Hβ as a function
of metallicity, and match each other within small
scatters. The match between the two samples sug-
gests that our metal-poor galaxies and local, av-
erage SFGs have a similar spectral shape in the
energy range of 13.6–40.7 eV for a given metallic-
ity.
• We find that five metal-poor galaxies show both
high He ii4686/Hβ ratios (>1/100) and high
EW0(Hβ) (>100 A˚). Interestingly, two out of
the five metal-poor galaxies are the representa-
tive EMPGs, HSC J1631+4426 (0.016 Z⊙) and
J0811+4730 (0.019 Z⊙). These high He ii4686/Hβ
ratios and high EW0(Hβ) are not explained by
the latest binary population stellar synthesis model
and the latest HMXB model, where a maximum
stellar mass cut, 120 M⊙ is used. We suggest
that super massive stars beyond 300 M⊙ can ex-
plain the high He ii4686/Hβ ratios for galaxies of
EW0(Hβ)>100 A˚ (i.e., .5 Myr). Super massive
stars beyond 300 M⊙ have very short lifetimes of
∼2 Myr, and form intermediate-mass black holes
(IMBHs) of &100M⊙ as early as ∼2 Myr after the
onset of the star formation. We do not rule out
a possibility of a metal-poor AGN, which can con-
tribute to the He ii4686 boost of the very young
galaxies even at .5 Myr.
• Interestingly, the scenario of super massive stars
beyond 300M⊙ explains both the high Fe/O ratios
and the high He ii4686/Hβ ratios of our EMPGs.
We also discuss a formation mechanism of super
massive stars beyond 300 M⊙. The direct col-
lapse of metal-poor gas is unlikely to be the for-
mation mechanism because the critical metallicity
(Zcrit ∼ 10
−6–10−4Z⊙), below which super massive
stars can be formed directly, is much lower than
the metallicities of the two representative EMPGs,
∼0.02 Z⊙. Instead, super massive stars beyond
300 M⊙ would be formed by stellar mergers under
the very dense condition in a star cluster. In this
picture, EMPGs are formed by a primordial gas in-
fall, which also forms star clusters with a very high
number density of massive stars. In such very dense
regions, stellar mergers trigger the formation of su-
per massive stars beyond 300 M⊙ within ∼3 Myr.
The super massive stars beyond 300M⊙ eventually
eject much iron through the core-collapse SNe in
∼2 Myr and form IMBHs (MBH & 100M⊙) boost-
ing the He ii4686 emission.
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